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Expression of homeobox genes in a proximal tubular cell line derived
from adult mice. We have been studying the expression of several
homeobox genes in cultures of proximal tubular epithelium (MCT cells)
harvested from adult mus musculus. Hox genes 2.1, 2.3, and 3.3, in
particular, are all expressed at low levels in resting MCT cells. The
expression of Hox 2.1 and 3.3 were not influenced by mitogenic
(epidermal growth factor; EGF, and platelet-derived growth factor;
PDGF) nor by hypertrophogenic cytokines (angiotensin II; Ang II) in
serum-free media. Transcripts for Hox 2.3, however, were elevated in
MCT cells by Ang II, EGF, and serum treatment, as early as 30 minutes
after their addition, whereas no change, or slight reductions were
observed with transforming growth factor 13 (TGFI3), PDGF, and
gamma-interferon (yIFN). Hox 2.3 was also super-induced by serum, in
the presence of cycloheximide, in cells rested previously in serum-free
media, suggesting that new protein synthesis was not required for
expressive augmentation. The induction of Hox 2.3, moreover, was not
specific for tubular epithelium, since the gene could be activated in
tubulointerstitial fibroblasts after treatment with EGF. These experi-
ments collectively represent a first report regarding the characterization
of transcripts encoding homeoboxes in adult cells derived from renal
tissue. The putative DNA-binding properties of homeobox proteins in
general, the prompt and rapid induction of Hox 2.3 by morphogenic
cytokines in tubulointerstitial cells, and the observed effect of cyclo-
heximide on this gene, all indicate that Hox 2.3 might have a role in the
general activation of mature somatic cells, as an immediate early event,
probably in the capacity of a nuclear trans-acting factor.
Homeoboxes are DNA sequences of 183 bp that encode
DNA-binding domains characterized originally as regulatory
elements participating in the segmental and homeotic develop-
ment of Drosophila [1, 2]. These homeobox-containing genes
specify highly conserved portions of proteins (61 amino acids)
that also appear have a pivotal role in the development of
vertebrates [3—6]. In mus musculus, for example, approxi-
mately 30 homeobox genes have been found in clusters on four
different chromosomes (Hox 1-4). These homeodomains seem
to be expressed as part of a variety of DNA-binding proteins [7,
8]. Oct-2, for example, is a homeobox-containing regulatory
gene which encodes a trans-acting factor that binds to the
immunoglobulin octamer motif in lymphoid cells [7]. The car-
boxy-terminal regions of many homeobox proteins also share
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some sequence similarity with DNA-binding proteins contain-
ing the helix-turn-helix-motif [7, 8].
The expression of homeobox genes in the development of
mice starts during gastrulation, and later is confined mainly to
the neural tube and somites, suggesting an vital role in the
segmentation of the caudal axis. Some homeoboxes are also
expressed in mature parenchymal tissues, indicating a possible
function in cellular differentiation. In the adult kidney, for
example, transcripts encoding Hox 2.1, 2.3 and 3.3 can be
detected by northern blot analysis of total kidney RNA [9].
Additional knowledge, however, regarding their extended
expression, as parenchymal epithelium matures, is largely
unknown.
The present study was undertaken to investigate whether
homeobox-containing transcripts can be detected in mature
proximal tubular cells in culture, and to evaluate changes in the
levels of such transcripts following the addition of morphogenic
cytokines which may induce either cell proliferation or hyper-
trophy.
Methods
Cell culture
MCT cells, a proximal tubular cell line isolated from adult
SJL mice [10], are routinely carried in our laboratory. These
MCT cells exhibit many properties of proximal tubular cells in
vivo: they stain positive for brush border enzymes and cyto-
keratin, have intercellular desmosomes, and express high-
affinity receptors for epidermal growth factor (EGF) and angi-
otensin II (Ang II). Syngeneic tubulointerstitial fibroblasts
(TFBs) were also used in some experiments as an additional cell
line. The isolation and characterization of TFBs have been
described previously [111. Both cells were cultured in Dulbec-
co's modified Eagle's medium (DMEM) with 100 U/ml penicil-
lin, 100 g/ml streptomycin, and 10% heat-inactivated fetal calf
serum (FCS; Gibco, Grand Island, New York, USA) at 37°C in
5% CO2. They were passaged by trypsinization every 48 to 72
hours. For individual experiments, 106 MCT cells were rested
in serum-free media comprising a 50:50 mixture of DMEM/
Ham's F12 medium (Gibco-BRL) and were subsequently stim-
ulated for 24 hours with either 10 nglml (1.63 >< iO M)
recombinant mouse epidermal growth factor (EGF, Genzyme,
Boston, Massachusetts, USA), 2 ng/ml (7.6 X 10" M) recom-
binant human platelet-derived growth factor-BB (PDGF; Gen-
zyme), 10—8 M angiotensin II acetate salt redissolved in medium
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(Sigma, St. Louis, Missouri, USA), I nglml (4 x 10" M)
recombinant human transforming growth factor /3 (TGFJ3; Gen-
zyme), or 250 U/mi recombinant mouse y-interferon (Gen-
zyme). In selected experiments, cells rested in serum-free
media were also stimulated with 10% FCS in a time range of 30
minutes up to 24 hours. In order to test whether Hox 2.3
expression depends on de novo protein synthesis, rested con-
trol cells were incubated with 40 g/ml cycloheximide (Sigma)
and serum for 12 hours.
RNA isolation and northern hybridization
Cells, after culture stimulation as described above, were
washed in RNase-free phosphate-buffered saline, and the
monolayers were lysed directly with 10 ml of lysis buffer (4 M
guanidinium isothiocyanate, 25 m sodium citrate, pH 7; 0.5%
sarcosyl, 0.1 M 2-mercaptoethanol). Total RNA was extracted
by repeated phenol-chloroform and isopropanol precipitation
[12]. Some RNA was set aside for cDNA synthesis. Poly A
RNA was isolated in some cases by passing total RNA two
times over oligo(dT) cellulose (Invitrogen, San Diego, Califor-
nia, USA). Five to 20 ,ag of the poly A RNA was denatured by
heating in formamide/formaldehyde at 65°C for 30 minutes, and
electrophoresed through a 1.2% agarose gel with 2.2 M formal-
dehyde [13]. The RNA was blotted onto Zetabind paper (Cuno,
Meriden, Connecticut, USA) by capillary action according to
standard procedures [14]. After short wave UV-crosslinking,
the filter was washed in 0.lx SSC (20x SSC = 3 M NaCI, 0.3 M
sodium citrate, pH 7) in 0.5% SDS at 65°C for one hour and then
prehybridized in 5x Denhardt's (50x Denhardt's = 1% Ficoll,
1% polyvinylpyrrolidone, 1% bovine serum albumin), 50%
formamide, 0.1% sodium dodecyl sulfate, 5x SSPE (20x SSPE
= 175.3 g NaCl, 27.6 g NaH2PO4 and 7.4 g EDTA/liter H20, pH
7.4), and 150 xg/mi denatured salmon sperm DNA (Sigma). A
500 bp EcoRl fragment from pA7L, containing the murine Hox
2.1 cDNA [15] (from Dr. Brigid Hogan, Vanderbilt University,
Nashville, Tennessee, USA) was separated in low-melt agarose
and labelled by primer extension using random hexanucleotides
[14]. cDNA for Hox 2.3 was prepared by eDNA amplification
[14, 16] using specific primers spanning introns, and the product
was separated in low-melt agarose and radioactively labelled as
above. Unincorporated nucleotides were separated by centrif
ugation through Sephadex G-25 spin columns (Boehringer
Mannheim, Indianapolis, Indiana, USA) and Northern blots
were hybridized with 1 x 106 cpm/ml of probe in hybridization
buffer (same as prehybridization buffer) for 24 hours at 55°C.
Blots were washed two times for 30 minutes at 62°C in 0.5%
SDS and 0.3x SSC. Dry blots were autoradiographed with
X-OMAT AR-5 film (Eastman Kodak, Rochester, New York,
USA) and intensifying screens overnight at —70°C.
cDNA synthesis and amplification
cDNA was synthesized from 10 g of total RNA harvested
from cells in culture. Reverse transcriptions were primed with
0.7 pg of poly-d(T) primer (Pharmacia-LKB, Piscataway, New
Jersey, USA) in the presence of 500 units of Maloney murine
leukemia virus reverse transcriptase diluted in 50 d of 1 X
buffer containing 50 m Tris-HC1 (pH 8.3), 75 mivt KCI, 3 mM
MgCl2, 10 mrt dithiothreitol, and 500 LM dNTP [141. After
incubation for 90 minutes at 37°C, the reaction mixture was
precipitated with 25 pi 7.5 M ammonium acetate and 50 1d
isopropanol, and spun at 4°C for 60 minutes. The pellets were
washed in 70% ethanol, air dried, and resuspended in 50 jd
distilled water.
Polymerase chain reactions for quantitative comparisons of
homeobox transcripts were normalized for the presence of a
housekeeping transcript (GAPDH) [171 by performing either a
co-amplification with both sets of primers in the same tube [16],
or separately, where the complete amplification reaction mix,
without primers, was distributed equivalently to separate tubes
containing either primers for Hox 2.1, 2.3, or 3.3, or GAPDH
[18]. A total of 0.15 g of each of the following primers were
used for most amplifications:
Hox 2.1: 5'-GAAAAAGGGCCCGGACCGCCT;
3' -TGTTGTCTTTCTTCCACTTCATG [15]
Hox 2.3: 5'-AAGCGAGGCCGCCAGACCTACACG;
3'-CCACTTCATGCGCCGGTTCTGAA [211
Hox 3.3: 5'-TACCAGACCCTGGAACTGGAGA;
3'-TTCATGCGCGCGTTCTGGAACC [5]
GAPDH: 5'-AATGCATCCTGCACCACCAA;
3'-GTAGCCATAllTCATTGTCATA [17]
RNA subjected directly to amplification was used as a control
for contamination by genomic DNA, or cDNA was selectively
checked with primers separated by introns. To test for the
proportionality of the amplification reaction, serial quantities of
template were used in selected experiments [161. Reaction
products of the GAPDH, Hox 2.1, and 2.3 amplifications, of
predicted size, were further verified by southern transfer to
Zetabind membranes and hybridization to specific, 32P-labelled
probes.
Amplification reactions were performed with the GeneAmp
kit (Perkin Elmer Cetus, Norwalk, Connecticut, USA) as
described using 200 J.M of each dNTP, 2.5 units of AmpliTaq
polymerase, in 100 d of 1 x PCR-buffer (20 m Tris-HC1, pH
8.3; 25 mrvi KCI, 2.0 mri MgCl2, and 0.05% Tween 20). For
quantification of product bands, 0.1 Ci of 32[P]-dCTP was also
added to the reaction mix. The annealing temperature for
amplifications of Hox 2.1 and 3.3 for the first three cycles were
held at 47°C with the subsequent 37 cycles held at 55°C. Hox 2.3
was amplified at an annealing temperature of 55°C for 1.5
minutes for all cycles. The extension step for all templates was
carried out at 72°C for 1.5 minutes, and the denaturation step at
92°C for 30 seconds.
Ten microliters of the reaction product after amplification
was run through a 1.6% agarose gel containing 0.5 gIml of
ethidium bromide. The gels were then photographed with
Polaroid 57 film (Polaroid Corporation, Cambridge, Massachu-
setts, USA) over UV light. In some experiments, selected gels
were photographed with Polaroid 55 negative film, or were
subjected to autoradiography with X-OMAT-AR-5 film (East-
man Kodak, Rochester, New York, USA). For quantification,
the bands representing reaction product on the film were
scanned by densitometry (GS 300, Hoefer Scientific Instru-
ments, San Francisco, California, USA), and the area under the
curves were integrated by triangulation, or bands of amplified
product were excised from the gel, transferred into 5 ml of
Aquasol-2 scintillation fluid (NEN-Research Products, Boston,
Massachusetts, USA) and counted for /3 emissions. A normal-
ization quotient was calculated between the cpms for the Hox
and the GAPDH bands (Q = cpm Hox band/cpm GAPDH
band). Values obtained from scintillation counts, densitometry
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Fig. 1. A. Amplification of GAPDH and Hox genes (2.1, 2.3, 3 .3)from serum-tested MCT cells. All three Hox genes are present in quiescent MCT
cells grown in serum-free media for 48 hours (Hox 2.1, 163 bp; Hox 2.3, 170 bp; Hox 3.3, 136 bp; and GAPDH, 512 bp). B. Southern blot of an
agarose gel after co-amplification probed with a labelled probes for Hox 2.1 and 2.3. Specific hybridization of the probes was observed with the
appropriate sized Hox band transferred from agarose gels, but not with bands for GAPDH. C. Northern blot of Poly A RNA isolated from MCT
cells probed with Hox 2.3. A band representing a mature transcript of 1600 bp was detected in accordance with previously published results from
whole murine kidneys [271.
of the ethidium bromide stained film, or from autoradiograms
were then compared to establish and/or verify a quantitative
effect.
Results
The low-level expression of at least three different homeobox
genes (Hox 2.1, 2.3 and 3.3) have been reported previously in
adult kidney [9, 15, 21]. We chose, therefore, to investigate
their expression using eDNA amplification of RNA harvested
from cultures of murine proximal tubular epithelium (MCT
cells). All three homeobox genes expressed transcripts in MCT
cells rested in serum-free media as detected by amplification of
5 pi of eDNA template (Fig. 1A). Amplification of the RNA
itself produced no reaction product eliminating genomic con-
tamination (data not shown). Although the base pair size of
each of the reaction products was predicted from primer
distances, the direct identity of two of the Hox amplified bands
was further established by southern hybridization (Fig. 1B)
using either a radioactive labelled cDNA probe (Hox 2.1) or
internal oligonucleotides (Hox 2.3 and GAPDH, data not
shown). The graph in Figure 2 further demonstrates that 5 d of
this eDNA template is in the linear range of the amplification, so
that the amount of the product is not likely limited by the
concentration of the primers, Taq polymerase, nor by the
quantity of nucleotides in the reaction mix.
To investigate whether MCT cells express mature, full-length
transcripts for such Hox genes, a Northern blot of a formalde-
hyde gel containing 20 p.g of poly A mRNA was probed with
labelled eDNA encoding Hox 2.3. As demonstrated in Figure
1C, a predicted 1.6 kb transcript for Hox 2.3 was present in
MCT cells. Only very small quantities of homeobox transcripts
are thus expressed in adult MCT cells, as illustrated by the fact
that less than 20 g poly A RNA did not register an informa-
tive signal on Northern blots. Consequently, we relied, in
subsequent experiments, on the sensitivity of the polymerase
chain reaction to quantify the adjustment in homeobox tran-
scripts following cell stimulation by cytokines known to pro-
voke a change the size or number of epithelial cells.
The results of activation studies revealed that stimulation of
MCT cells with different cytokines (EGF, PDGF, Ang II, or
y-interferon) had no significant effect on the expression of genes
encoding either Hox 2.1 or 3.3 (data not shown). Treatment of
MCT cells with mitogenic EGF or hypertrophogenic Ang II,
however, stimulated significantly the expression of Hox 2.3
(Fig. 3A and C). Quantification of amplification product encod-
ing Hox 2.3 from several experiments, using various different
templates, confirmed this significant increase statistically (Fig.
3C). Other cytokines like PDGF or y-interferon either had little
effect on the level of transcripts encoding Hox 2.3, or seemed to
decrease measurable levels. TGF/3, for example, had no effect
on levels of transcripts encoding either Hox 2.1, 2.3, or 3.3 (data
not shown). The induction of Hox 2.3 by EGF, furthermore,
was not specific for proximal tubular epithelium, since the
treatment of tubulointerstitial fibroblasts with EGF also in-
creased the concentration of amplified product for Hox 2.3 (Fig.
3B).
Finally, the activation of Hox 2.3 can occur as early as 30
minutes after stimulation with 10% FCS, and transcripts remain
elevated for several hours (Fig. 4A). Additional experiments
indicated that Hox 2.3 can also be super-induced, approxi-
mately 2.5-fold, by the addition of cycloheximide and serum to
cultures of MCT cell rested previously in serum-free media
(Fig. 4B).
Discussion
The general notion that protein homeodomains play a role in
DNA binding was recently supported by the experimental
crystallization of an engrailed homeodomain-DNA complex
[19]. These studies seem to suggest that the homeodomain has
a core recognition unit which contacts TAAT sequences in the
genome. Increased specificity was further assured by coopera-
tive binding to neighboring sites, and by the occupation of the
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Fig. 2. Comparison of Hox 2.3 amplflcation product against the amount of starting cDNA template. Zero to 10 .d of template was amplified as
a serial dilution in separate tubes each containing a similar amount of Hox 2.3 primers, dNTPs, and Taq polymerase. Ten percent of each
completed reaction product was electrophoresed through a 1.6% agarose gel, stained with ethidium bromide, and submitted for densitometry using
negative image photography (Polaroid 55 film). The reaction products are shown in the inset and the relative increase in amplification is graphed
on a semi-log plot. The template concentrations used for subsequent experiments (5 d) appears to be in the linear range.
major and minor DNA grooves. Other recent investigations
suggest the presence of distinct regulatory elements in the
intergenic regions of the Hox 2.3 and 2.4 [201. Such elements
might be potential target sequences for other transacting factors
which control the induction of the Hox clusters. The present
study, as a separate issue, provides additional new evidence
that several homeobox genes are also expressed at low levels in
mature proximal tubular cells in culture, that some can behave
as immediate early response genes, and that changes in the
expression of some of these homeoboxes, following stimulation
by morphogenic cytokines, can be documented with eDNA
amplification.
In addition to the recognized role of homeoboxes in early
development [1—3, 9], a recent study has shown that Hox 2.3
continues to be expressed in the kidney, testis, and spinal cord
of adult mice, but is absent from other mature tissues [21]. In
abnormal tissues an increase in the expression of several
homeobox proteins -can also be detected in various human
cancers [22]. Interestingly, expression of these homeotic pro-
eins was very high in renal adenocarcinomas which are sup-
posed to develop from transformed tubular cells, mainly of
proximal origin [23]. Hox 2.3 can be provoked further in
pluripotent embryonal carcinoma cells by inducers of differen-
tiation like retinoic acid [24]. While low-abundant transcripts
for I-lox 2.1, 2.3, and 3.3 were all present in mature, resting
tubular epithelium in our studies, only an increase in Hox 2.3
could be detected after treatment with EGF or Ang II morpho-
kines. It is not yet known whether such changes in levels of
mRNA are the result of stabilization of mRNA levels, or are
attributable to changes in the rate of their transcription. We
have also not tested for the expression of homeobox protein in
our study with murine cells, and we are aware, of course, that
an increase in mRNA, especially when detected by a sensitive
method like eDNA amplification, does not necessarily predict
an increase in protein product.
Ang II normally induces cellular hypertrophy in MCT cells,
whereas EGF has a proliferative effect. We have shown previ-
ously that MCT cells rested in serum-free media progress from
the G0 to the G1-phase of the cell cycle after Ang II treatment,
but do not enter the S-phase [13]. In contrast, EGF stimulation
induces a progression through DNA-replication leading to sub-
sequent mitosis. Since expression of Hox 2.3 is stimulated by
both factors (EGF and Ang II), one might speculate that
expression is associated with events beginning in early or
mid-G1. Since this effect occurs within the first 30 minutes of
stimulation, and appears in the presence of cyclobeximide, we
believe the activation of Hox 2.3 in this cell can be character-
ized as an immediate early gene [25]. We also believe this may
be a common cellular event, because Hox 2.3 is also provoked
by EGF in fibroblasts. We did not determine, however, whether
the expression of Hox 2.3 is an event necessary for entry into
G1, or whether the increase in levels of transcripts encoding
Hox 2.3 is antecedent directly to a variety of other cellular
activation pathways induced in G1 after serum-deprived cells
have left from G0. The induction of Hox 2.3 in MCT cells by
Ang II and EGF seems to be fairly specific, since the expression
of Hox 2.1 or 3.3 was not modulated by any of several growth
factors, nor was Hox 2.3 activated in the presence of reasonable
doses of y-interferon, TGFp, or PDGF.
Ang II induces cellular hypertrophy in MCT cells by the
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Fig. 3. Amplification using Hox 2.3 using morphogenic cytokines. A master mix containing all reagents including templates from the different
culture stimulation conditions, but without primers was equally distributed into tubes containing Hox 2.3 and GAPDH primers. After amplification,
10 sl of each reaction product was electrophorsed on a 1.6% agarose gel. Semi-quantification of the Hox 2.3 amplification product was performed
by either densitometry of stained gels, or by scintillation counts of radioactive bands. Controls represent cultures in serum-free media alone. (A)
Stimulation of MCT cells with EGF or Ang II resulted in an increase in amplification product for Hox 2.3, but had no effect on GAPDH.
y-Interferon and PDGF treatment also seemed to decrease slightly product levels. (B) Stimulation of tubulointerstitial fibroblasts with EGF also
resulted in a induction of Hox 2.3. (C) Graph bar plot of pooled experiments following Hox 2.3 amplification. A quotient representing Hox
2.3/GAPDH was calculated as described in material and methods. N = 8 from four separate cell stimulations and reverse transcription reactions;
* P < 0.02 vs. control (Wilcoxon-Mann-Whitney Test).
inhibition of adenylate cyclase leading to a decrease in intra- tubule cells [28]. S6 kinase is a specific serine-threonine kinase
cellular cAMP [261. Further evidence suggests that Ang II-
receptors in MCT cells are coupled to adenylate cyclase
through a pertussis-toxin sensitive inhibitory G-protein, since
incubation of the cells with pertussis toxin abolished Ang
11-induced hypertrophy in tubular cells [13]. EGF, in contrast,
interacts with its receptor to activate tyrosine kinases and the
phosphorylation of target proteins [27]. Both EGF and Ang II
can also activate the S6 kinase in cultured rabbit proximal
which phosphorylates the ribosomal protein S6, resulting in the
regulation of protein translation [27]. Since the signal transduc-
tion pathways leading to S6 kinase activation in tubular epithe-
hum are different for Ang II and EGF [281, this would tend to
indicate that, if Hox 2.3 has a permissive role in cell activation,
it again does so, as a rather proximal event.
It has been suggested recently that polarized epithehium
regenerating after acute renal injury also utilize molecular
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Fig. 4. A. Induction time course for lox 2.3 following stimulation with 10% FCS. An increase in amplification product encoding Hox 2.3 was
detected as early as 30 mm after serum stimulation and remained elevated for 24 hours. B. Hox 2.3 could also be super-induced in MCT cells grown
in serum-free medium by serum addition in the presence of cycloheximide (40 ig/ml).
mechanisms, including growth factor signals, epithelial-matrix
interactions, and cytoskeletal organizational events, which can
be similarly observed during epithelial induction in nephrogen-
esis [29]. For example, distinct members of the Myc oncogene
family are involved in mitogenesis as well as the differentiation
of cells in the embryo [25, 30]. Polypeptide growth factors like
EGF and/or transforming growth factor a also seem to be
involved both in the regeneration of renal epithelium after acute
tubular necrosis [311, and in fetal development [291. Further-
more, insulin-like growth factors are expressed in developing
kidney [32], whereas these same factors may be more involved
in cellular hypertrophy than in mitogenesis in adult kidney
tissue [33]. Our findings, therefore, that the tubular expression
of Hox 2.3, which plays a role in segmentation during embryo-
genesis and is increased by mitogenic EGF as well as by
hypertrophogenic Ang II in adult cells, is in accordance with the
suggested molecular similarities between early nephrogenesis
and regeneration of mature tubular epithelium after injury in
adults [29].
Finally, it is tempting to speculate that homeobox genes may
be involved normally in growth regulatory events in the kidney
in vivo. Recent evidence suggests, however, that homeobox
proteins may just only interact with other transcriptional factors
to form a complex regulatory cascade as part of a larger binding
event to target DNA sequences [34]. Some caution, therefore,
should be applied in the extended interpretation of our results.
It is unclear currently whether the activation of homeobox
genes is associated with the multiple changes which occur in the
remodelling adult kidneys [29, 31]. Furthermore, the expression
of a distinct gene during morphogeny does not normally imply
that such a gene is causal to subsequent events [29]. Certainly
more studies are needed in various in vivo models of renal
growth, using in situ hybridization and quantification of ho-
meobox gene product, to determine whether homeodomains
play a critical role in the biology of shape, size or cell number.
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